Transneuronal retrograde degeneration of retinal ganglion cells after removal of primary visual cortex (area V1) is well established by quantitative neurohistological analysis of the ganglion cell layer in monkeys, but remains controversial in human patients. Therefore, we first histologically examined retinal degeneration in sectioned archived retinae of 26 macaque monkeys with unilateral V1 ablation and post-surgical survival times ranging from 3 months to 14.3 years. In addition, the cross-sectional area of the optic tract was measured in archived coronal histological sections of the brain of every hemianopic monkey and in sections from 10 control monkeys with non-visual bilateral cortical lesions. The ratios of nasal and temporal retinal ganglion cell counts in the contralesional eye and ipsi/contralateral optic tract areas were calculated and compared. They show that the decline was initially more pronounced for the optic tract, slackened after 3 years post-lesion and was steeper for the ganglion cells thereafter. Nevertheless, both measures were highly correlated. Second, we calculated ratios from structural magnetic resonance images to see whether the optic tracts of four human hemianopes would show similar evidence of transneuronal degeneration of their ipsilesional optic tract. The results were consistent with extensive and time-dependent degeneration of the retinal ganglion cell layer. The measures of the optic tracts provide evidence for comparable transneuronal retinal ganglion cell degeneration in both primate species and show that structural magnetic resonance image can both reveal and assess it.
Introduction
That retrograde transneuronal degeneration of retinal ganglion cells follows destruction of the striate cortex, V1, is established in monkeys, but is still controversial in man (Van Buren, 1963a, b; Miller and Newman, 1981; Beatty et al, 1982; Skrandies and Leipert, 1988; Stoerig and Zrenner, 1993; Kupersmith et al., 1994) . Reasons for the controversy include confounds with and, more recently, optical coherence tomography have been used to study possible transneuronal retinal ganglion cell degeneration in humans. Even studies using the same technique have produced contradictory results, so that pattern electroretinogram data have provided positive (Stoerig and Zrenner, 1993; Porrello and Falsini, 1999; Azzopardi et al., 2001 ) as well as negative evidence (Skrandies and Leipert, 1988) . While fundus photography (Hoyt and Kommerell, 1973) and optical coherence tomography (Jindahra et al., 2009 ) have both provided positive evidence, only one study has as yet been published with each technique, and neither positive nor negative results have been validated against histological measurements of the same eyes.
However, incontrovertible evidence for retinal ganglion cell degeneration arises from monkeys where its extent has been quantitatively determined and related to the age of the monkey at operation and to survival time (Van Buren 1963a; Cowey, 1974; Weller et al., 1979; Dineen and Hendrickson, 1981; Weller and Kaas, 1989; Niida et al., 1990) . These data show much more extensive degeneration in infant than adult lesion animals (Dineen and Hendrickson, 1981; Weller and Kaas, 1989) in the central than in the peripheral region of the retina (Cowey, 1974; Dineen et al., 1982; Niida et al., 1990) , in Old World than in New World monkeys (Weller and Kaas, 1989) , and indicate that Pb retinal ganglion cells (also called P or X cells) are much more susceptible than other types of retinal ganglion cell (Weller et al., 1979; Weller and Kaas, 1989) . Although a few studies examined effects of long survival times e.g. 4.8 years (Niida et al., 1990 ) and 8-9 years Weller and Kaas, 1989; Johnson and Cowey, 2000) , and found considerably more degeneration than reported at 1 or 2 years post-lesion (Dineen et al., 1980; Dineen and Hendricksen, 1981) , it is not clear whether retinal degeneration continues beyond $3 years, and how closely it is related to the size of the cortical lesion (but see Cowey et al., 1999) .
To address the time-course and duration of transneuronal retrograde degeneration in monkeys as well as its possible effect in the human visual system, in this study we examined both retinal ganglion cells and coronal sections through the optic tracts of 26 monkeys whose V1 had, for a variety of reasons unrelated to the present investigation, been unilaterally removed entirely or almost so. With one exception (Rosie, operated at age 13), all the monkeys were between 2-5 years old at operation; the age was not systematically controlled. Post-lesion survival time was precisely recorded and extended from 3-4 months to 14 years. Retinal ganglion cell ratios (degenerated nasal/normal temporal hemiretina) of the contralesional eye were compared with the ratios of the cross-sectional area of the optic tract measured as close as possible to the optic chiasm on the normal and lesioned side of the brain. Ratios are needed because absolute size varies among different monkeys just as absolute number of ganglion cells does (Perry and Cowey, 1985) . Both retinal ganglion cell and optic tract ratios were compared with those of 10 control monkeys. Finally, we measured the optic tract areas in the structural MRIs of four hemianopic patients, and compared the resultant ratios to those of the hemianopic monkeys.
Materials and methods

Specimens
We examined the retinae, optic tracts, lateral geniculate bodies and occipital lobes of 26 macaque monkeys (24 Macaca mulatta, two Macaca fascicularis). In every monkey, the left or right striate cortex had been removed for reasons unconnected with the present investigation, which was conducted on archived histological material. The unilateral removal was made using the same method in every monkey and by the same surgeons, as described in Jason et al. (1984) , Cowey et al. ( , 1999 and Kisvarday et al. (1991) . The appropriate UK ethical guidelines and Home Office approval for research on animals are acknowledged in these papers.
From 100 days to 14.3 years post-lesion, monkeys were perfused for examination of the eyes and brain. In several monkeys, the ipsilesional eye was retrogradely labelled with horseradish peroxidase deposited in the optic nerve to morphologically characterize ganglion cells that survive transneuronal retinal ganglion cell degeneration; this eye was accordingly unsuitable for measuring ganglion cell density. We never compared the degenerated nasal hemiretina of the contralateral eye with the undegenerated nasal hemiretina of the ipsilateral eye, and the same for the two temporal hemiretinae, because there is often some differential shrinkage between two eyes during neurohistology. For example, in eyes embedded for thin sections there can be different amounts of linear shrinkage because they are processed separately. In addition, the two eyes cannot be perfectly aligned in the same way on the microtome, meaning that the central retina of one eye can be sectioned more, or less, obliquely than the other eye, resulting in slightly different thicknesses of the ganglion cell layers and different numbers of countable ganglion cells in each section. Finally, it is easy for a microtome to become slightly uncalibrated (fluctuating room temperature can cause this) such that the required 10 mm sections are sometimes 9 or 11 mm thick. All these problems are avoided by restricting comparisons to regions adjacent to each other on either side of the vertical retinal meridian of the same eye.
Histology
As the material was obtained over a period of many years, the perfusion and fixation procedures varied slightly but were essentially as follows. The animal was deeply anaesthetized with a lethal dose of sodium pentobarbitone intravenously and perfused transcardially with $1.0 l of heparinized 0.9% saline. After removing the ipsilateral eye for horseradish peroxidase histochemistry in some animals, the perfusion was continued with 1-2 l of formal saline (10% formalin, 0.9% saline) in 0.1 M phosphate buffer (pH 7.2), except in four of the monkeys where a solution of 1.25% paraformaldehyde and 2.5% glutaraldehyde was used in order that horseradish peroxidase and -amino butyric acid-immunocytochemistry could be carried out on brain tissue. The contralateral eye was placed in chilled fixative and the cornea and lens were removed several days later. The eyecup was embedded in paraffin wax and sectioned at 10 mm parallel to the horizontal meridian. Serial sections through the fovea and optic disc were mounted on slides, de-waxed, and alternate slides were stained with cresyl violet for Nissl substance, dehydrated, cleared in xylene and coverslipped with DPX resin. The contralateral retina from seven of the monkeys was removed after fixation and prepared as a Nissl-stained flat-mount. In two of these monkeys, after counting cells in the flat mounts, a horizontal strip of $10 Â 4 mm and centred on the fovea was removed and sectioned horizontally, at 10 mm, as in all the other eyes. The counts for the macular region were made from these sections. Details of survival time are shown in Table 1 .
While still in the skull, which was mounted in a stereotaxic instrument, the brain was sliced in the stereotaxic coronal plane with a single cut just rostral to the optic chiasm. After further immersion fixation, the posterior block was sectioned in the coronal plane on a freezing microtome, at 25 or 50 mm, from the occipital pole to the front of the optic chiasm. The same orientation was thus used for all brains. A 1-in-10 series of sections was stained with cresyl fast violet for Nissl substance and a similar series was stained in 14 animals by Weil's method for myelin.
Ganglion cell counts
Although there can be significant individual variations in the total number of ganglion cells in the eyes of different rhesus macaques (Perry and Cowey, 1985) , the differences within 2 mm of the fovea along the horizontal meridian are smaller (Perry et al., 1984) . However, tissue shrinkage in embedded material is both substantial (up to 30%) and variable, and the thickness of the sectioned retinal ganglion cell layer can reflect slight differences in the orientation of the embedded eye, yielding apparent differences in cell numbers. We, therefore, avoided comparisons of absolute numbers between monkeys or between eyes by always measuring the ratio of retinal ganglion cells in the transneuronally degenerated nasal macular hemiretina and the immediately adjacent undegenerated temporal macular hemiretina of the same eye.
At a magnification of Â 1250, using oil immersion and an eyepiece graticule, we counted all ganglion cells in 100 mm strips from the centre of the fovea over the first 2 mm of the nasal and the temporal hemiretina along the horizontal meridian, i.e. about 10 in each direction. Three to five consecutive or closely adjacent sections were counted in each eye. Ganglion cells were distinguished from glial cells and from displaced amacrine cells by their size, amount of The identifying labels of the 26 hemianopic monkeys and four hemianopic patients correspond to those in previous publications that describe the visual abilities and/or anatomical connections of the same subjects (Jason et al., 1984; Cowey et al., , 1999 Kisvarday et al., 1991; Stoerig and Cowey, 1997) . The ratios are the mean cross-sectional areas of the optic tract on the damaged side of the brain divided by that on the normal side, and the ratio of retinal ganglion cells in the degenerated nasal and normal temporal retina of the eye contralateral to the damaged hemisphere, respectively. All monkeys were rhesus macaques, except Scram and Lenn who were M. fascicularis. Survival time = in chronological order, the time between the damage to striate cortex and the perfusion of the animal or the brain scans of the human subjects is given in days and/or years. a Monkeys whose retinal counts, but not tract ratios, were previously described by Cowey et al. (1999) . b Number of histological sections, or coronal brain images, used to determine the mean cross-sectional area of the two optic tracts.
cytoplasm and Nissl substance, paleness of the nucleus and visibility of a nucleolus (Perry and Cowey, 1985) . The distinction between ganglion and displaced amacrine cells is difficult close to the fovea, where cells are small and several layers deep, but as displaced amacrines constitute fewer than 10% of neurons in the macular region of the ganglion cell layer (Perry et al., 1984) , any error caused by confusing them with ganglion cells will be small and similar in all animals. No correction was made for linear shrinkage, up to 30% in wax-embedded sectioned retinae, as shrinkage affects both the nasal and temporal sides of the fovea. In five monkeys, the ganglion cells were counted in the contralateral flat-mounted retina. Again at a linear magnification of Â 1250, ganglion cells were counted in a 10 Â 10 eyepiece graticule, covering 100 Â 100 mm, along a 2-mm distance in a single strip on either side of the centre of the fovea, as described by Perry and Cowey (1985) .
Cells in every eye were counted (by A.C.) and in a subset (by P.S.) after ensuring that they were following the same criteria for identifying ganglion cells and that they obtained highly similar results when counting the same specimen. However, any differences in counting procedure would not affect the nasotemporal ratio, another reason for using ratios. The results of ganglion cell counts for 17 of the 26 monkeys were reported previously (Cowey et al., 1999) in a study that addressed the impact of lesion size.
Optic tract measurements Monkeys
The optic tracts diverge caudal to the optic chiasm en route to the thalamus. Consequently, they are closest to being sectioned orthogonal to their main axis the closer they are to the chiasm. We, therefore, chose sections as close as possible to their origin (Fig. 1A-G ) and measured the cross-sectional area of the two tracts in at least five sections but in the majority of cases in 12 or more sections. The measurements were made by first using a drawing tube to draw the outline of each tract at a linear magnification of Â30. The area of each drawing was then measured, using a digitizing tablet interfaced with a computer.
To establish the significance of any variation in the ratio of the area of the two optic tracts in the hemianopic monkeys, we also made measurements in 10 other monkeys who had small and bilateral lesions in either prefrontal cortex or dorsal parietal cortex. Their brains had been sectioned in the same way as those of the hemianopic monkeys. There was no reason to expect that the lesions would affect the optic tracts, and even if they did, the effect should be bilateral and the ratio of their cross-sectional areas is $1.0. Furthermore, the lateral geniculate nucleus was normal in both hemispheres. For each of these monkeys, the tracts were drawn from three adjacent sections 0.5 mm apart.
In almost every hemianopic monkey, the parvocellular and magnocellular layers of the dorsal lateral geniculate nucleus were uniformly degenerated, with the exception of occasional neurons that project to extrastriate cortex (Yukie and Iwai, 1981; . There was slight sparing at the most rostral portion of the dorsal lateral geniculate nucleus in six monkeys, corresponding to the representation of a small region of the far peripheral retina. As a result of the diminished magnification factor of the peripheral retina (Perry and Cowey, 1985) , where ganglion cell density is lowest, any effect on the magnitude of optic tract degeneration would be very small. The interlaminar layers of the dorsal lateral geniculate nucleus, to which the K-retinal ganglion cells project and which project to extrastriate area V5/MT as well as to V1 (Sincich et al., 2004) were not conspicuously degenerated.
Human subjects
The optic tract was also examined in four hemianopic humans by measuring its cross-sectional area in coronal slices of structural brain images. The imaging was performed with the written consent of the subjects and in accordance with the Declaration of Helsinki and with UK ethical approval (COREC 06/Q1607/52). Subject GY is a hemianope whose left striate cortex and parts of prestriate cortex were destroyed, apart from a small region of tissue at the occipital pole and leading to sparing of about 3 around the fovea, at the age of eight by a presumed vascular rupture following traumatic closed-head injury in an automobile accident 40 years before the present brain images were gathered. The exact structural nature of the lesion was not established until 29-35 years later (Barbur et al., 1993; Baseler et al., 1999) . Subject MS has extensive bilateral damage to his ventral temporal cortex and to the entire striate cortex in the right hemisphere. As a result, he has a macular splitting left hemianopia. His damage was caused by viral encephalitis at the age of 22, 39 years before the present images were acquired. Examples of the structural brain images of these two participants have been provided by several investigators (e.g. Bridge et al., 2008 for Subject GY; Cavina-Pratesi et al., 2009 for Subject MS). It is noteworthy that in Subject MS, the lesion in his 'blind' hemisphere extends rostrally into the temporal lobe and might possibly have damaged some pregeniculate optic fibres, or their terminals in the lateral geniculate nucleus. However, his optic tract degeneration proved to be no greater than that of Subject GY, suggesting that the tract escaped direct damage, although indirect damage as a result of vascular changes could have occurred in both Subjects GY and MS. Subject HD suffered a left hemisphere stroke at the age of 63, 273 days before the current images were made, and has a macular splitting hemianopia. Her lesion (Fig. 1I ), like that of Subject GY, is almost entirely confined to V1. Images were acquired on a 3 T Siemens TIM Trio for Subjects GY and MS or a 3 T Siemens Varian for Subject HD. Whole head structural scans were acquired axially at a resolution of 1 mm 3 (magnetization prepared rapid acquisition gradient echo: repetition time = 15 s, echo time = 6.0 ms) but a region of interest through the optic tracts of Subject GY was imaged at a resolution of 0.5 mm. Subject BT's extensive occipital damage involves V1 entirely and surrounding extrastriate visual areas entirely or partially. It was caused in the course of removing an arteriovenous malformation (Stoerig, 2006 (Stoerig, , 2010 and produced a macular-splitting hemianopia. The images used for analysis were acquired with a 3 T Magnetom scanner (Siemens Tim-Trio). No evidence of direct damage to the optic tract or nerves was observed in any participant. The optic tracts were measured as follows. As many coronal images as possible between the optic chiasm and the point where the optic tract becomes attached to the overlying hypothalamus were projected onto a screen, and the outlines of the tracts were drawn at a final magnification of roughly Â 5. Given the thickness of the sections, determined by the voxel size of the images (0.5 mm in Subject GY, 0.875 in Subject BT, and 1.0 mm in Subjects MS and HD, all isotropic) the outlines of the tract were less sharp than in histological sections. It would have been possible to assess the cross-sectional area and the degeneration of the tract by counting the number of pixels whose intensity exceeded a chosen threshold in T 1 -weighted images (Bridge et al., 2011) but we opted for the simpler method used with histological sections of monkeys. The outline was therefore drawn, using the same criterion for all images, through the centre of the slightly blurred periphery of the tract (Fig. 1) . It is important that the coronal brain images should be truly coronal, i.e. orthogonal to the midline rostrocaudal axis of the brain, otherwise the two tracts would be sectioned at different angles. The images of Subjects MS and HD, which were not precisely coronal, were accordingly reoriented using OsiriX (www.osirixmac.com) Imaging Software (Rosset et al., 2004 ). (N-Q) MRI images through the optic tracts of Subjects HD, BT, GY and MS, respectively. The white arrow indicates the ipsilateral optic tract, severely shrunken except in Subject HD. In every image, for simplicity, the degenerated side is shown on the left, irrespective of whether it was actually on the right. Scale bars: A-G = 3 cm; H = 1 mm; I = 150 mm; J-K = 600 mm. n = nasal; t = temporal.
Results
of the optic tracts is easy to identify in histological sections, especially those stained for myelin, even when it becomes attached to the base of the brain in the more caudal section. The flat mounts of monkey Blake's retinae (Fig. 1H-I ) are typical of all the flat mounts; the vertical meridian and sparseness of nasal ganglion cells are easy to identify. The higher power micrograph (Fig. 1I) of the ipsilateral eye, in which the temporal retina would degenerate, shows that the ganglion cells retrogradely labelled with horseradish peroxidase from the optic nerve are sparser but overall much larger in the degenerated region. However, this does not necessarily indicate that the surviving cells have increased in size. Rather, it is that the small ganglion cells (P cells) have been eliminated as shown by , who also demonstrated that surviving cells have not shrunk.
The results of all measurements on monkeys, i.e. both ganglion cell and tract ratios, are given in Table 1 and graphically presented in Fig. 2 . Even though all monkeys, except one, were juvenile or young adults at operation, it is noteworthy that the nasotemporal ratio of ganglion cells indicates a slight loss of cells already during the first year postoperatively. In evaluating the retinal ganglion cell ratio, it is important to remember that the normal nasotemporal ratio in the perifoveal region is not 1.0 because of the greater density of ganglion cells on the nasal side. Compared with the normal mean ratio of 1.24 (range 1.08-1.5) in nine normal monkeys, the mean for the six monkeys that survived for 51 year postoperatively was only 1.04 (range 0.83-1.15). This difference was significant (Mann-Whitney test, N1 = 6, N2 = 9, U = 2, P = 0.002, two-tailed). From 1 to 3 years, there is a steep decline followed by much less change from 3 to 14 years. The best fitting power function through all the data for the 26 hemianopic monkeys is shown in Fig. 2 . The considerable variation in the extent of ganglion cell degeneration in monkeys at roughly similar survival times has previously been shown to correlate with the size of the cortical lesion, especially its incursion into extrastriate cortex (Cowey et al., 1999) .
Figure 2 also illustrates the relationship between ganglion cell degeneration and shrinkage of the ipsilateral optic tract. In the 10 control monkeys, the mean ratio of the areas of the two optic tracts, always comparing left with right rather than smaller with larger, was 1.004 (range 0.852-1.107). In contrast, in the hemianopic monkeys there is again clear evidence that shrinkage of the ipsilateral tract begins by 100 days post-lesion. There was no overlap in the ranked ratios of the 10 normal monkeys and the eight hemianopic monkeys with the shortest survival times (P 5 0.001). The decline in ganglion cell ratio and tract ratio (Fig. 2) is very similar during the first 3 years; the reason that the two sets of points do not overlap initially is that they necessarily start from different ratios, i.e. around 1.0 for the tracts and 1.24 for the ganglion cells (Rolls and Cowey, 1970; Perry and Cowey, 1985) . As these correlations do not necessarily imply that nasotemporal retinal ganglion cell ratio and tract ratio correlate positively, we performed a Pearson non-parametric correlation between the ranked values for retinal ganglion cell and the corresponding tract ratios. It was highly significant (R 2 = 0.754; n = 26,
The measurements of the optic tracts in the four human hemianopes are given at the end of Table 1 . There is no indication of shrinkage in Subject HD 257 days after her stroke. However, the ipsilateral tract is conspicuously smaller in the other three subjects imaged from 8 to 40 years post-lesion. The greatest shrinkage is seen in Subject BT, imaged 8 years after his stroke, not in Subjects MS or GY whose lesions date back much earlier. This difference is probably due to Subject BT's lesion being much larger than that of Subjects GY or MS; if so, lesion size would be as important in humans as it is already known to be in simian primates.
Discussion
The results show that transneuronal death of retinal ganglion cells after unilateral damage to striate cortex in macaque monkeys is, at least grossly, paralleled by shrinkage of the ipsilateral optic tract. In the absence of histological data, measuring and comparing the two optic tracts thus provides an alternative indicator of retinal degeneration. The fact that our three hemianopic participants with long-standing V1 lesions show changes in the optic tract ratio provides evidence for transneuronal degeneration of retinal ganglion cells in humans, and indicates that its extent may be estimated by non-invasive structural imaging of the optic tracts, Figure 2 The ratio of retinal ganglion cells in the nasal (degenerated) and temporal (normal) hemiretinae of the eye contralateral to the lesion of striate cortex together with the ratio of the cross-sectional area of the optic tract on the damaged and normal side of the brain in 26 monkeys plotted against the time from operation. Data are presented on a logarithmic scale to take account of the great variation in survival time and to avoid clustering at shorter times. Wherever data points for different monkeys overlap, they have been slightly shifted in order to reveal both of them. For each monkey, there is therefore a pair of points. The actual values appear in Table 1 . At the far left of the graph are shown two different symbols (a crossed circle and a checkered circle), which indicate the mean nasotemporal ganglion cell ratios in nine normal monkeys and the mean optic tract ratios in 10 other control monkeys with bilateral prefrontal or parietal lesions which affected neither the striate cortex nor the dorsal lateral geniculate nucleus.
which is also recently indicated by Bridge et al. (2011) , albeit with a slightly different method.
Several points arise from this overall finding. Firstly, by comparing the ganglion cell and tract ratios obtained from normal monkeys or monkeys with cortical damage not involving V1, it is clear that the degenerative changes in hemianopic monkeys are discernable as early as 100 days post-lesion. Perhaps this is not surprising, given that the parvocellular and magnocellular layers of the dorsal lateral geniculate nucleus are almost totally devoid of anatomically normal projection neurons within 3-6 weeks of removing V1 in macaque monkeys, and that no projection neurons remained after 12 weeks (Mihailovic et al., 1971) . In the New World monkey Saimiri, no parvocellular or magnocellular projection neurons were present as little as 40 days after removing V1 (Wong-Riley, 1972) . If the retinogeniculate terminals of P and M ganglion cell axons have thus lost their postsynaptic targets within a few weeks of damage to V1 in monkeys, degenerative changes of the optic tracts will ensue. That the degeneration appears to be greater initially in the optic tract than the retinal ganglion cells presumably reflects the fact that axons in the tract are losing their myelin as part of the degeneration before their cell bodies in the ganglion cell layer disappear. In view of the role that age at lesion plays in the time course and extent of degeneration, it is unfortunate that Mihailovic et al. (1971) did not provide it for their macaque monkeys. However, their monkeys' weights, given as 3-4 kg, indicate that they were juvenile, like most of our monkeys.
If optic tract shrinkage presages retinal ganglion cell degeneration, the latter still undergoes a steeper decline that continues, albeit less steeply after 2-3 years, when the optic tract changes much less. Indeed, optic tract ratios are larger than retinal ganglion cell ratios in 14 of 19 monkeys with survival times longer than 1.28 years. One possible explanation is that whereas counting ganglion cells by definition ignores other features of the tissue, the optic tract contains connective tissue that does not degenerate and therefore continues to be included in the measurements of its area, thus underestimating the death of optic axons. Additionally, our cell counts were entirely within a radius of 10 of the fovea, where degeneration is most pronounced. In macaques, 65-85% of retinal ganglion cells die in this region (Cowey, 1974; Weller et al., 1979; Dineen and Hendrickson, 1981; Weller and Kaas, 1989) , whereas the periphery appears to be much less affected. In line with the lower susceptibility of New World monkeys, green monkeys (Cercopithecus aethiops sabeus) hemispherectomized during the first year of life showed no evidence of retinal ganglion cell degeneration in the peripheral retina (Herbin et al., 1999) ; however, a 10% loss was reported by Dineen et al. (1982) for adult-lesion macaques surviving 1.5 and 2 years, respectively, and Niida et al. (1990) even reported 50% losses at eccentricities larger than 4-6 mm and up to 15 mm in two macaques surviving bilateral V1 lesions at age 4 for 3.9 and 4.8 years. Nevertheless, it is at least predominantly the P cells with their thin axons that succumb to transneuronal degeneration; optic tract degeneration should therefore be less conspicuous than retinal ganglion cell degeneration once demyelination is no longer a major factor in optic tract shrinkage. Moreover, both the thicker axons of the M cells, that are largely unaffected by degeneration, and the axons of peripheral ganglion cells, with the likely exception of the small population projecting to the suprachiasmatic nucleus, should contribute to the crossing of the two curves in Fig. 2 . As retinal ganglion cell degeneration is more pronounced in the nasal hemiretina (Niida et al., 1990; Johnson and Cowey, 2000) where population density is normally larger (Perry and Cowey, 1985) , our nasotemporal retinal ganglion cell ratios should be somewhat lower than the optic tract ratios. Excepting the six monkeys with the shortest survival times, the mean retinal ganglion cell ratio is 0.4, and the mean optic tract ratio is 0.47. Secondly, it might be supposed that the optic tract ratios should correspond closely to the ganglion cell ratios once retinal degeneration is completed and should even be calculable, given the fact that the latter is entirely or largely confined to retinal P cells. However, the exact proportion of peripheral ganglion cells-outside the region we counted-that are P cells has never been assessed. Nor has the volume of the optic tract that consists of the axons of P cells from the entire retina, and their mean diameter, ever been measured. It may, therefore, be unreasonable to expect the correspondence between tract and ganglion cell ratios to be exact.
A third point is that the ratios for Rosie, who at 11 years of age was the oldest animal at operation, were 0.389 for the optic tract and 0.35 for the ganglion cells. In view of the pronounced effect of early age at operation on the swiftness of transneuronal degeneration, one might have expected less degeneration to occur in animals undergoing striate cortical removal this much later in life, but Rosie's data indicate otherwise. Rather, they show that the period of particular susceptibility during the first months is not offset by a late decrease in susceptibility, and support Dineen and Hendrickson's (1982, p. 752) suggestion that 'if a monkey survives long enough, about 70% to 80% of the ganglion cells in the central retina will degenerate, regardless of how old the monkey is when V1 is removed'.
Fourthly, despite the very long post-lesion times of Subjects MS and GY, their optic tract ratios (0.57 and 0.56, respectively) are larger than those of monkeys with long survival times. The age of 8 years at which Subject GY suffered the damage that produced his hemianopia seems not to have exacerbated degeneration, probably because it occurred after the period of enhanced susceptibility. Together with Subject BT's more pronounced ipsilesional loss that we attribute to his much larger lesion, the mean optic tract ratio for the human hemianopes with long-standing lesions is 0.53, and thus reasonably close to the mean of 0.47 for the 20 monkeys with survival times beyond 1 year. In agreement with Bridge et al. (2011) , the human data thus provide good evidence for transneuronal retrograde degeneration in patients who have neither additional pathology of the retina, optic nerves or tracts nor lesions that would affect the tract directly. Optic tract measurements in structural neuroimages are a substitute for good retinal histology of human retinae, but still provide an approximation of the extent of transneuronal retrograde degeneration in human hemianopes.
Another consideration is that we are aware of only one previous report in which the optic tracts were compared in the fixed brain of a human hemianope, who died 40 years after his occipital resection at age 41 (Beatty et al., 1982) . The width of the two tracts was 1.5 and 2.5 mm at the coronal level of the foramen of Monro. If the tracts are considered to be circular, the ratio of their cross-sectional areas would be 0.36. As the tracts are more elliptical than circular (Fig. 1) , the ratio will be closer to those of Subjects GY and MS.
Finally, further support for the conclusion that the size of the optic tract indicates retinal ganglion cell depletion stems from an entirely different visual disorder. Foveal hypoplasia is a condition commonly, but not exclusively, related to albinism. The fovea is absent and the central retina fails to develop and provides many fewer axons to the optic nerves and tracts (see Schmitz et al., 2003; Genderen et al., 2006) . The paper by Schmitz et al. (2003) is particularly relevant because it shows that by using structural MRI with 17 patients and 15 control subjects, the optic tracts of the patients have significantly smaller optic nerves and optic tracts, consistent with the retrograde changes we report here following occipital damage.
